intrinsically on climate. During the 20th century, climate change had documented impacts on species and ecosystems, and such impacts are expected to increase in frequency and severity as climate change continues and perhaps accelerates.
This paper introduces a series of thematic papers, developed from a technical input report on biodiversity, ecosystems, and ecosystem services (BEES) prepared for the US National Climate Assessment (NCA; Staudinger et al. 2012 ; hereafter referred to as the BEES report). With a focus on the US, the BEES report was written by a diverse group of experts who evaluated how climate change is affecting alterations in ecosystem structure or function ) that, in turn, alter the viability of species and communities ) and the delivery of ecosystem services (defined as benefits that people derive from ecosystems; Nelson et al. 2013) . The team also examined the interactions among climate change and many other stressors , as well as the current status of climate adaptation research and practice . Articles in this Special Issue synthesize current knowledge within each of these subject areas; here, we provide an overview of the BEES assessment process and highlight findings from those more detailed treatments that exemplify the complex interactions among them.
n The assessment process
The BEES report (Staudinger et al. 2012) was produced in response to a request for information from the NCA, under the auspices of the US Global Change Research Program (USGCRP). The 1990 US Global Change Research Act requires that the USGCRP conduct an assessment of the impacts of climate change on the nation's resources no less than every 4 years to: As part of the 2014 US National Climate Assessment, over 60 subject-matter experts from government agencies, academia, nongovernmental organizations, and the private sector assessed the current and projected impacts of climate change on ecosystems, biodiversity, and ecosystem services. Here, we introduce and provide context for the papers included in this Special Issue, drawing upon the key findings from separate assessments of biodiversity, ecosystem structure and function, ecosystem services, climate-change impacts in the context of other stressors, and societal responses to change (ie climate adaptation). We also explain the assessment process and show how the current state of knowledge can be used to identify risks and guide future research and management initiatives. In a nutshell:
US CLIMATE-CHANGE IMPACTS

Climate-change impacts on ecological systems: introduction to a US assessment
• This article summarizes findings of an assessment that was the first in the US to incorporate ecosystem services in examining climate-change impacts on ecological systems; previous assessments have considered only biodiversity or ecosystems • A diverse, multi-sector assessment team was convened to synthesize the best available knowledge and consider its findings in the context of what matters to decision makers and society • Spatiotemporal shifts of species, ecosystem processes, and services, along with changes in winter conditions, represent tangible categories of impacts with a rapidly growing evidence base • Ecosystem impacts with high associated costs or risks to human well-being are often those that also compromise ecosystem services • Preparing for and adjusting to climate impacts -climate adaptation -will require adaptive management approaches
• integrate, evaluate, and interpret the findings of the USGCRP and discuss the scientific uncertainties associated with its findings; • analyze the effects of global change on all major sectors (environmental, regional, social, economic, etc) in the US; and • analyze current and projected trends for the next 25-100 years (GCRA 1990) .
Two prior national assessments of climate-change impacts in the US have been published (NAST 2001; Karl et al. 2009) , and this third one will be released in early 2014. The national assessment currently underway has engaged an extensive community of contributors. Engagement entailed solicitation by the NCA (through a notice in the Federal Register in summer 2011) of technical input from stakeholder communities, in particular those representing specific regions of the country (eg Northwest), sectors (eg human health), and several cross-cutting areas (eg the intersection of energy, water, and land). Although biodiversity and ecosystems were also addressed in some other technical inputs (particularly regional summaries), the BEES report focused exclusively on these topics and served as a key reference in drafting the "Ecosystems and Biodiversity" chapter for the formal 2014 NCA report. Hereafter, our discussion of the assessment process refers specifically to preparation of the BEES report, which followed as closely as possible the criteria established for the overall NCA process. The development of the BEES report was guided by a steering committee whose members became the authors of this article. The BEES report is the first national-scale assessment in the US that incorporates ecosystem service responses as a way to examine the intersection of climate change and ecological systems. The report built on the experiences of past national (NRC 2007; PCAST 2011) and international (MA 2005; IPCC 2007 ) assessments. Broad-based scientific assessments have been a prominent activity in the climate-change science community for more than two decades, most notably through efforts undertaken by the Intergovernmental Panel on Climate Change (IPCC) and the USGCRP. Several assessments have also been conducted on ecosystems and biodiversity (Table 1) .
These assessments involve a collaborative social process that assembles a varied group of participants, and are intended for an equally broad audience. In effect, an assessment can be considered a "boundary" activity in the sense that it acts as a bridge between the creation and use of scientific knowledge (Figure 1) . To be successful, assessments must be credible, salient (relevant), and legitimate (Clark et al. 2006; UNEP and IOC-UNESCO 2009) . Figure 1 illustrates the different aspects of the BEES assessment process and how they were intended to meet these three objectives. The essence of assessment is to "apply the judgment of experts to existing knowledge to provide scientifically credible answers to policy-relevant questions" (W Reid pers comm). Participants in the BEES assessment were therefore asked to focus on the intersection between understanding and decision making (Figure 1 ), rather than on presenting new, unpublished research results or attempting a comprehensive review of the state of the science. For example, participants examined how climate change may cause coastal habitats to shift but did not provide extensive background about what kinds of coastal habitats exist.
The BEES steering committee invited over 60 experts to participate in a workshop and to author the report (WebTable 1). These participants included academic and governmental researchers, as well as conservation and management practitioners at nongovernmental organizations and state and federal government agencies. Participants were briefed on NCA protocols and asked to thoroughly review the literature in their areas of expertise, with a focus on literature published since the previous NCA in 2009. Participants convened for a workshop in January 2012, where they divided into teams (corresponding to the subject areas covered in the report) and held intensive discussion and literature-review sessions to identify the best substantiated climate-change impacts that related to a series of policy-relevant questions (see www.frontiersinecology.org © The Ecological Society of America below). These teams, each headed by one or two members of the steering committee, drafted chapters that were submitted to the NCA on March 1, 2012. These drafts underwent expert peer review under the auspices of the US Geological Survey, were revised in response to reviewers' comments, and were then made available to the public in July 2012 (Staudinger et al. 2012) . The BEES report was intended for several audiences, mirroring those targeted by the overall 2014 NCA report (NCA 2011a, b) . The audiences particularly relevant for the biodiversity, ecosystems, and ecosystem services sector include decision makers from local to federal levels of government, especially those responsible for managing natural resources; nongovernmental and community-based organizations engaged in conservation and sustainability planning; and private citizens with an interest in nature and wildlife. Representatives from each of these target audiences participated in the BEES assessment, to bridge the sometimes wide gap between the creation of knowledge by science and its application in decision making, management, and policy development at all levels ( Figure 1 ).
Other national and international assessment activities
Several national and international efforts have assessed the condition of and trends in biodiversity, ecosystems, and ecosystem services (Table 1) , although these did not focus primarily on climate as a driver of change, as the NCA and BEES assessments have done. The State of the Nation's Ecosystems reports (in 2002 and 2008) outlined the use and condition of a suite of ecosystem indicators for the US. The international Millennium Ecosystem Assessment emphasized biodiversity's role in underpinning ecosystem services that sustain global economies and human well-being (MA 2005) , while the UK National Ecosystem Assessment (UK NEA 2011) evaluated the status of ecosystems and ecosystem services in the UK. The Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) is a relatively new and ongoing effort designed to develop a mechanism similar to the IPCC for regular assessments of the linkages between biodiversity, ecosystem services, and human well-being (Larigauderie and Mooney 2010).
Major scientific goals of the assessment
An important step in the assessment process was to identify policy-relevant questions to guide the work and ensure that the outcome would be relevant and useful to the intended audiences. The teams authoring the chapters on biodiversity, ecosystems, and ecosystem services for the BEES report identified key findings that would begin to answer the following questions (W Reid pers comm):
(1) What climate-change impacts on biodiversity, ecosystems, and ecosystem services have already been observed, and what are the consequences of these impacts? (2) How will climate change affect biodiversity, ecosystems, and ecosystem services over the next 50-100 years, and how will people be affected? (3) What impacts of climate change are likely to be associated with particularly high costs or risks to human well-being (including considerations of regions and sectors of society that may be particularly vulnerable)? (4) What response strategies could address the most harmful impacts of climate change, and what barriers exist to their implementation (technical, economic, institutional)?
The first two questions explicitly respond to the US Global Change Research Act mandate, whereas the final two questions were intended to provide additional focus on information that local, state, and federal decision makers participating in the workshop indicated would address their needs. On the basis of guidance from the Development and Advisory Committee for the NCA, the authors of the BEES report focused primarily on new findings published since the 2009 NCA. n Questions 1 and 2 (current and future impacts)
Climate change is already causing substantial shifts in ecosystems , their biodiversity , and the services they provide (Nelson et al. 2013) . Climate change exacerbates problems caused by other environmental stressors (eg land-use change, introductions of non-native species, pollution), thereby often making single-driver attribution inappropriate (Parmesan et al. 2011; Staudt et al. 2013) . If left unchecked, the combination of anthropogenic and climate stressors currently threatening natural systems globally has a potential impact that could be as great or greater than the world's five past mass extinction events (Barnosky et al. 2011) . As climate change continues and perhaps accelerates over the rest of this century, a net loss of global biodiversity, altered ecosystem function, and major shifts in the provision of ecosystem services are projected to result. Here, we highlight two categories of findings -spatial and temporal shifts and changes in winter conditions -that show recent (since 2009) advances in the understanding of the impacts of climate and other environmental changes on ecological systems. The findings are illustrative only; individual articles in this Special Issue provide further detail of the best-available knowledge on impacts on species, ecosystems, and ecosystem services; interactions with other stressors; and adaptation strategies.
Spatial and temporal shifts
Widespread and rapid shifts in species ranges, phenologies, biome positions (ie the latitudinal extents of characteristic groups of plants that define biomes), and species composition are already being attributed to climate change, with further changes projected . The timing, direction, and magnitude of shifts differ among species, regions, and habitat types, defying attempts to generalize overall patterns. For example, while many species are expected to shift to higher elevations to track temperature changes, downslope shifts also have been documented, related to regional changes in water balances (Crimmins et al. 2011) . Stream biotic assemblages will also shift in response to changes in both temperature ) and flow regime, whether climate-driven (eg changes in seasonality and timing of runoff, such as earlier snowmelt) or resulting from human modification of hydrological processes (Poff and Zimmerman 2010) . In marine ecosystems, the ranges and abundance of economically important marine fish have already shifted due to higher ocean temperatures (Nye et al. 2009 ) and are projected to continue to change (Cheung et al. 2009 ). Consequently, some local and regional fisheries are likely to cease being viable or could transfer to new locations, whereas others may become more valuable if the fishing community can adapt (Nelson et al. 2013) .
Although shifts in range and phenology may be beneficial to some organisms or ecosystem services, individual species mobility does not guarantee survival if novel species interactions and anthropogenic activities increase stress. Changes in the spatial distribution and seasonal timing of flora and fauna can also result in disruption or mismatches in interactions among dependent species. So, plants may flower before pollinators arrive or emerge, or shifts in the timing of the migrations of fish, birds, insects, and other taxa could lead to asynchronies in optimal conditions and available resources (Donnelly et al. 2011; . Species and populations that are less able to respond to changing conditions (eg through alterations in range and phenology) or that are found in regions expected to undergo major changes (eg high altitudes and latitudes) are at increased risk of decline. Conversely, some species are projected to expand their ranges or populations in response to changing environmental conditions and some have already been observed to do so (eg Hare et al. 2010) . Overall, spatial and temporal shifts are leading to reshuffled marine, freshwater, and terrestrial communities through a combination of regional losses and invasions (Cheung et al. 2009 ).
Species turnover, changes in community dominance, and novel species assemblages caused by ecological shifts in time (eg phenology), space (eg geographical ranges), and organisms (eg physiology) can substantially alter ecosystem structure and function. For example, in the waters around the Antarctic shelf, recent invasions of lithodid ("king") crabs have affected benthic community abundance and diversity through alterations in predation pressure ). More strikingly, direct and indirect impacts of climate change are shifting the location and extent of species ranges to such a degree that what we recognize as biomes (eg structurally similar ecosystems such as forests) today appear to be moving in space, such as a shift from a treeless to a forested area. Such major changes in species composition as well as structure and architecture alter functions such as primary production and nutrient cycling . Current and projected changes in structure and function in turn have consequences for the human societies that derive benefits from these ecosystems, including food production (eg fishery harvests), pollination and other regulating services, protection from hazards (eg coastal habitats such as mangroves), and recreation and tourism opportunities (eg national parks). Shifts in the distribution of various whale species preferred by wildlife-viewing tourists, for instance, will drive changes in tour-boat ranges and costs (Lambert et al. 2010) .
Winter conditions
Altered seasonal rhythms, particularly during winter, are having notable and unexpected effects on ecological systems and their services. These include changes in the timing of rainfall and runoff, freeze and thaw, and pheno-www.frontiersinecology.org © The Ecological Society of America logical events that are keyed to temperature. Changes in soil freezing, snow cover, and air temperature have affected carbon sequestration, decomposition, and carbon export (Brooks et al. 2011) , which influence agricultural and forest production (Senthilkumar et al. 2009 ). Seasonally snow-covered regions are especially susceptible to climate change as small alterations in temperature or precipitation may result in major changes in ecosystem structure and function. Decreased availability of snowpack, sea ice, or freezing temperatures affect dependent biota through differences in springtime emergence (eg flowering plants; Crimmins et al. 2010 Mills et al. 2013) ; and possible population fragmentation in species like wolverines (Gulo gulo), which require contiguous areas of snow cover for their reproductive dens (McKelvey et al. 2011) . Longer growing seasons and warmer winters are enhancing pest outbreaks (Raffa et al. 2008) , leading to increased tree mortality and more intense and extensive fires in some forest types during warmer months. Consequent economic losses are also projected for winter sports and recreational activities, such as ice fishing, skiing, snowmobiling, and snowshoeing, because of decreased or inconsistent snow cover (Nelson et al. 2013) . Warming temperatures are expected to result in shorter seasons and fewer locations for which viable snow-related recreation is possible as freezing conditions shift northward and to higher elevations. Nonetheless, opportunities for other forms of recreation -such as swimming and boating in lakes -are likely to expand due to better weather, with the net effect being a redistribution of the recreation industry and its economic impacts (Shaw and Loomis 2008).
n Question 3 (implications for human well-being)
People depend on ecosystems for harvestable resources (eg food, fuel, fiber, water), as well as for their role in regulating climate and nutrient cycles; protection from hazards (eg retention or transformation of pollutants, modulation of climate, abatement of flooding); and their recreational, cultural, and aesthetic values (eg sense of place, appreciation of nature, tribal heritage). According to the Millennium Ecosystem Assessment, 60% of ecosystem services are declining or overexploited worldwide (MA 2005) , so there is reason for concern about the impacts of climate change on human well-being. People's health, livelihoods, and ultimate survival are affected by climate-change impacts on ecosystem structure and function through changes in these ecosystem services (Table  2 ; Nelson et al. 2013) .
The ways in which ecosystem services may be directly affected by the complex impacts of climate change and other ecosystem stressors are illustrated by the 2011 Las Conchas wildfire in northern New Mexico (Figures 2 and  3 ). Warmer temperatures, reduced snowpack, and earlier onset of spring are leading to increases in wildfire extent in the western US (Littell et al. 2009 ); the region has experienced extended drought over the past decades (Williams et al. 2010) . In addition, warmer winter conditions allow naturally occurring bark beetles to breed more frequently and successfully (Jönsson et al. 2009 ); dead trees left behind by bark beetles sometimes increase the frequency of crown fires (Schoennagel et al. 2012) . Unsustainable forest management practices also have made forests more vulnerable to catastrophic fires, while thinning or prescribed burns can reduce damages (NPS 2011). In 2011, the Las Conchas fire resulted in the loss of several ecosystem services (Table 3) . The loss of water-quality regulation (in this case, erosion control) services was the most costly: sediment and ash eroded by floods were washed downstream into the Rio Grande, which supplies 50% of the drinking water for Albuquerque, the largest city in the state. Water withdrawals by the city from the Rio Grande were stopped entirely for a week and reduced for several months thereafter, due to the increased cost of treating water with high sediment content. The key lesson here is that slow degradation and new stressors combined to produce more than additive impacts. The September 2013 floods in Colorado that caused major damage were due to a compounding of drought exacerbating wildfire risk, followed by wildfires, and finally flooding and mudslides because of loss of vegetation due to the fires. In short, climate change can be the tipping point, when layered on top of other environmental changes. Although space limitations preclude a comprehensive treatment of other impacts likely to have high cost or risk for human well-being, three complex issues, all of which involve not only climatechange impacts but other stressors, are highlighted in Table 2 and discussed more thoroughly elsewhere in this Special Issue.
n Question 4 (management responses)
Preparing for and coping with climate impacts -climate adaptation -has received markedly increased attention since the last NCA and is being incorporated into conservation plans and natural resource management. The land-management community is increasingly recognizing that static protected areas will not be sufficient to conserve biodiversity in a changing climate; instead, this will require an emphasis on landscape-scale conservation, connectivity among protected habitats, and the maintenance of ecological functioning of lands and waters that are under intensive human use (Lawler 2009; Hellmann et al. 2011) . There is also increasing recognition of the need to reassess and, where needed, modify underlying conservation goals (Camacho et al. 2010) . Similarly, many researchers and managers have begun focusing not just on efforts to maintain existing ecological conditions but also on the challenging task of managing -or even facilitating -inevitable system transformations (Peterson et al. 2011; Stein and Shaw 2013) .
Traditional approaches to management generally assume that future conditions can be predicted from analysis of past variability; this tactic, however, is no longer tenable (Milly et al. 2008) . Management strategies for a rapidly changing and uncertain future must be robust enough to cope with a wide range of possible conditions or must incorporate multiple opportunities for adjustment in response to variability and change (Wilby 2011) . Adaptive management approaches, including decision analytics, monitoring, experimentation, and a capacity to evaluate and modify management actions, will be essential for reducing climate-related vulnerabilities and risks (Brown et al. 2012; Cross et al. 2012) .
Climate-change responses from other societal sectors (eg energy, agriculture, transportation) can unintentionally create new ecosystem impacts. For example, efforts to expand biofuel production have brought conservation lands back into agricultural use, affecting wildlife habitat and soil erosion (Fargione et al. 2009 ). Adaptation responses in one sector should address the consequences for others, particularly in situations where adaptation actions could undermine the services and functions that natural systems provide for society but also where those actions could benefit other sectors. Projections of where and how people will respond to climate change will be key to developing future impact scenarios with regard to ecological systems and services, including how natural systems can help reduce climate-related vulnerabilities to human communities. Here, 462 www.frontiersinecology.org © The Ecological Society of America the concept of ecosystem-based adaptation -the intentional use of ecosystem services to moderate climate impactshas emerged in part to address this need (Vignola et al. 2009; Jones et al. 2012) . Climate adaptation has been implemented as a response to climate change more often in other countries (eg Mertz et al. 2009) , and in the US adaptation planning has increased considerably in recent years while implementation has lagged (Bierbaum et al. 2013) . As point out, however, there are limits to adaptation. Even some of the strongest adaptation responses will not prevent future impacts because the climate change that is driving them is already "locked in" (Diffenbaugh and Field 2013). Accordingly, adaptation must be viewed as an essential complement to, rather than a replacement for, climate mitigation efforts.
n Conclusions
Evidence from research since the last NCA confirms ecological systems are already experiencing greater compounded assaults than at any comparable period of human history (eg Barnosky et al. 2011; . In most cases, climate change is exacerbating the impact of other stressors, and the combined impacts are diminishing the capacity of natural systems to mitigate harm to people from extreme weather and climate events. Sea-level rise, for instance, is compounding the damage caused by development in high-risk parts of floodplains and coastal areas.
Changes in ecosystem processes will in turn lead to changes in the quality and forms of ecosystem services that people can expect to derive from nature. As a result, preparing for and coping with climate impacts -that is, 
Management practices
climate adaptation -will increasingly define conservation and resource management. Monitoring, assessments, and adaptive management strategies will be needed as ecological systems undergo rapid and widespread transformation. Attention to ecosystem services and climate adaptation are new features of the national assessment and are described in detail elsewhere in this issue.
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